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This paper reports a first measurement of the exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{\smash [b]{s_{_{\mathrm {NN}}}}} = 5.02\,\text {TeV} $$\end{document}$, performed at the CERN LHC with the CMS detector. Exclusive photoproduction of vector mesons can be studied at the LHC in ultraperipheral collisions (UPCs) of protons and/or ions occurring at impact parameters larger than the sum of their radii, thereby largely suppressing their hadronic interaction \[[@CR1]\]. In such UPCs, one of the incoming hadrons emits a quasi-real photon that converts into a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {q} \overline{\mathrm {q}} $$\end{document}$ (vector meson) bound state following a colour-singlet gluon exchange with the other "target" proton or ion \[[@CR2], [@CR3]\]. Since the incoming hadrons remain intact after the interaction and only the vector meson is produced in the event, the process is called "exclusive". Given that the photon flux scales with the square of the emitting electric charge, the radiation of quasi-real photons from the Pb ion is strongly enhanced compared to that from the proton. Figure [1](#Fig1){ref-type="fig"}a shows the dominant diagram for the exclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ photoproduction signal in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}$$\end{document}$Pb collisions, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}\mathrm {Pb} \rightarrow (\gamma \mathrm {p})\mathrm {Pb}\rightarrow \mathrm {p}\,\mathrm {\Upsilon }\,\mathrm {Pb}$$\end{document}$. If the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ photoproduction is followed by the proton breakup, the process is called "semiexclusive" (Fig. [1](#Fig1){ref-type="fig"}b). The exchanged photon can also interact with a photon radiated from the proton \[[@CR1], [@CR4]\]. This two-photon collision can produce an exclusive dimuon state, as shown in Fig. [1](#Fig1){ref-type="fig"}c. Since we are interested in studying exclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ production via its dimuon decay, the latter quantum electrodynamics (QED) continuum production constitutes a background process.Fig. 1Diagrams representing **a** exclusive $\documentclass[12pt]{minimal}
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The study of exclusive photoproduction of quarkonia offers a clean probe of the target hadron structure \[[@CR1], [@CR3], [@CR5]\], with the large mass of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ mesons providing a hard scale for calculations based on perturbative quantum chromodynamics (pQCD) \[[@CR6]--[@CR9]\]. In the kinematic region studied here, the photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ mesons from protons is sensitive to generalized parton distributions (GPDs), which can be approximated by the square of the gluon density in the proton \[[@CR6]--[@CR19]\]. Experimentally, exclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {J}/\psi $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\delta =0.7$$\end{document}$--1.2 \[[@CR20], [@CR21]\]. This reflects the steep rise of the underlying gluon density in the proton for decreasing values of the momentum fraction *x* of the proton carried by the struck parton. The dependence of the exclusive vector meson photoproduction cross section on the squared four-momentum transfer at the proton vertex *t*, parameterized at low values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\exp (-b|t |)$$\end{document}$ \[[@CR20], [@CR22]--[@CR24]\], has also often been studied; the *b* slope parameter provides valuable information on the parton transverse density profile of the proton \[[@CR7], [@CR8], [@CR25]\].
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ meson photoproduction was first observed in electron-proton collisions at HERA \[[@CR20]--[@CR22], [@CR24]\] with the quasi-real photon radiated from the electron. At the CERN LHC, the LHCb \[[@CR26]--[@CR28]\], CMS \[[@CR29]\], and ALICE \[[@CR30]--[@CR33]\] experiments have measured exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$  \[[@CR34]\]. The larger mass of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ meson provides a larger perturbative scale at which the gluon distribution in the proton is sampled, and thereby reduces theoretical uncertainties in pQCD calculations. This allows the data to constrain the gluon distributions at low values of Bjorken *x* in global PDF fits for the first time \[[@CR35]\]. The present paper reports the measurement of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ photoproduction in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}$$\end{document}$Pb UPCs that probes the gluon density of the proton in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {\Upsilon }$$\end{document}$ meson mass. This CMS measurement spans a previously unexplored low-*x* region between the HERA and LHCb data, and provides additional experimental insights on the gluon content in the proton. In this low-*x* regime, nonlinear QCD effects (gluon recombination) may become important, possibly leading to the saturation of the parton distribution functions (PDFs) \[[@CR36]--[@CR38]\].

The measurements presented here are carried out using the $\documentclass[12pt]{minimal}
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                \begin{document}$$W_{\gamma \mathrm {p}} $$\end{document}$. The results are compared to previous measurements and to theoretical predictions based on leading order (LO) and next-to-leading-order (NLO) pQCD calculations \[[@CR10]\], as well as on colour dipole \[[@CR15], [@CR16]\] and gluon saturation \[[@CR15]--[@CR19]\] approaches.

Experimental setup {#Sec2}
==================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Muons are measured in gas-ionisation detectors embedded in the steel flux-return yoke outside the solenoid over the range $\documentclass[12pt]{minimal}
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Extensive forward calorimetry, based on Cherenkov radiation detectors, complements the coverage provided by the barrel and endcap calorimeters. Two hadron forward (HF) calorimeters, consisting of iron absorbers and embedded radiation-hard quartz fibres, cover $\documentclass[12pt]{minimal}
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The data are collected with a two-level trigger system. The first level of the CMS trigger system, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select the most interesting events \[[@CR42]\]. The high-level trigger (HLT) processor farm runs a version of the full event reconstruction software optimized for fast processing. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR43]\].

Data sample and Monte Carlo simulation {#Sec3}
======================================

The data set used in this analysis corresponds to 32.6$\documentclass[12pt]{minimal}
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The photon--proton centre-of-mass energy, $\documentclass[12pt]{minimal}
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Event selection and background estimation {#Sec4}
=========================================
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Extraction of cross sections {#Sec5}
============================

The dimuon events selected as described above are used to determine the differential $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec6}
========================

The following sources of systematic uncertainty are taken into account in the measurements of all differential and total $\documentclass[12pt]{minimal}
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The data are compared to the predictions of the JMRT model, including LO and NLO corrections. A fit with the power-law function in the entire $\documentclass[12pt]{minimal}
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